Vancomycin resistance of Staphylococcus aureus NY-VRSA and VRSA-5 is due to acquisition of a vanA operon located in a Tn1546-like element. The vanA gene cluster of NY-VRSA contained one copy of insertion sequences IS1251 and IS1216V relative to that of VRSA-5. As evidenced by the nature of the late peptidoglycan precursors and by quantification of D,D-peptidase activities, the vancomycin resistance genes were efficiently expressed in both strains. Study of the stability and inducibility of glycopeptide resistance suggested that low-level glycopeptide resistance of NY-VRSA was most probably due to plasmid instability combined with a long delay for resistance induction. The activity of combinations of vancomycin or teicoplanin with oxacillin against the four VanA-type S. aureus strains already reported was tested by single and double disk diffusion, E-test on agar alone or supplemented with antibiotics, the checkerboard technique, and by determining time-kill curves. A strong synergism against the four clinical isolates, with fractional inhibitory concentration indexes from 0.008 to 0.024, was reproducibly observed between the two antibiotics by all methods. These observations indicate that cell wall inhibitors of the ␤-lactam and glycopeptide classes exert strong and mutual antagonistic effects on resistance to each other against VanA-type methicillin-resistant S. aureus.
Staphylococcus aureus is a major cause of hospital-and community-acquired infections. Methicillin-resistant S. aureus (MRSA) strains, which are usually multidrug resistant, have spread worldwide, and glycopeptides are often used for treating infections caused by MRSA.
Methicillin resistance in MRSA is due to the acquisition of the mecA gene, which encodes a penicillin-binding protein (PBP), PBP2a, that exhibits low ␤-lactam affinity (15) . PBPs are membrane-bound D,D-peptidases that catalyze the transpeptidation and/or transglycosylation reaction that cross-links the peptidoglycan of the bacterial cell wall.
Glycopeptide antibiotics vancomycin and teicoplanin bind to the C-terminal D-alanyl-D-alanine (D-Ala-D-Ala) of externally oriented pentapeptide peptidoglycan precursors and block the transglycosylation and transpeptidation reactions (26) . VanAtype glycopeptide resistance in enterococci is due to synthesis of modified precursors terminating in D-Ala-D-lactate (D-Ala-D-Lac) in place of D-Ala-D-Ala (6) and is mediated by Tn1546 or closely related genetic elements (3, 13) .
In 2002, the first two MSRA and vancomycin-resistant S. aureus (VRSA) strains, MI-VRSA and PA-VRSA, were isolated in the United States (20, 31) . Although they both harbor a plasmid-borne Tn1546 element (33, 34) , the two strains exhibit distinct phenotypes: MI-VRSA has a high level of resistance (HLR) to both glycopeptides, whereas PA-VRSA presents a low level of resistance (LLR) to the drugs (7, 32) . We have shown that low-level resistance of the PA-VRSA strain is due to loss, at high frequency, of the vanA operon and to a longer lag phase before induction of resistance (22) .
In 2004, a third VanA-type MRSA clinical isolate, NY-VRSA, with an LLR phenotype, was detected in New York (17) . As already observed for PA-VRSA, automated susceptibility testing methods failed at detecting vancomycin resistance in this strain (17, 33) . Since then, a fourth HLR VanA-type MRSA was isolated and called VRSA-5 (Michigan Department of Community Health; posting date, 3 March 2005; www .michigan.gov/mdchlab).
Synergistic activity of the combination of vancomycin and oxacillin against MRSA strain COL, in which a vanA-carrying plasmid was transferred, has been demonstrated (27) . We have studied the organization and extent of heterologous expression of the vanA gene cluster in strains NY-VRSA and VRSA-5. We have also evaluated the outcome of combinations of ␤-lactams and glycopeptides on these two strains and on the two other available clinical isolates of VanA-type MRSA.
MATERIALS AND METHODS
Bacterial strains. S. aureus strains were obtained through the Network on Antimicrobial Resistance in Staphylococcus aureus. Methicillin-and vancomycinresistant S. aureus NY-VRSA (17) was isolated from the urine of a resident in a long-term care facility. VRSA-5 was isolated from a small toe wound developed on the foot of a 78-year-old patient previously treated with vancomycin for an aortic valve replacement. MICs were determined by agar dilution on brain heart infusion (BHI) agar (Difco Laboratories, Detroit, Mich.) and by E-test as described by the manufacturer (AB Biodisk, Solna, Sweden). The strains were grown in BHI broth or agar at 37°C. Spontaneous glycopeptide-susceptible derivatives of NY-VRSA and VRSA-5 were obtained as previously described (22) .
Filter mating. Transfer of vancomycin resistance from NY-VRSA to Enterococcus faecalis JH2-2 and E. faecium BM4105 was attempted by filter mating (11) with selection on agar containing rifampin (20 g/ml), fusidic acid (10 g/ml), and one of the following: vancomycin (6 g/ml), gentamicin (32 g/ml), kanamycin (500 g/ml), or erythromycin (10 g/ml).
Growth rate studies. Induction of resistance by vancomycin was studied by determination of growth rates under various conditions. NY-VRSA and VRSA-5 were grown overnight at 37°C in BHI broth with or without vancomycin (6 g/ml). The cultures were diluted 1:20 into 20 ml of BHI with or without vancomycin (6 g/ml) and then grown at 37°C with shaking, and the optical density at 600 nm was monitored.
PCR analysis. Glycopeptide resistance of the vanA genotype was confirmed by PCR as described previously (10) . Glycopeptide-susceptible derivatives of NY-VRSA and VRSA-5 as well as the parental strains were identified as S. aureus by amplification of an internal portion of the thermonuclease nuc gene, using total DNA as a template and specific primers (5) . PCR mapping of the vanA operon of NY-VRSA and VRSA-5 was performed by using primers specific for every gene of the cluster (3) (Fig. 1) .
Analysis of peptidoglycan precursors. Extraction and analysis by high-performance liquid chromatography of peptidoglycan precursors of NY-VRSA and VRSA-5 strains grown in BHI broth in the presence (4 g/ml) or absence of glycopeptide were performed as described previously (19, 22) . D,D-peptidase activities. The D,D-peptidase enzymatic activities were assayed in the absence or presence of glycopeptide (vancomycin or teicoplanin at 4 g/ml) as described previously (2, 22) .
Contour-clamped homogeneous electric field gel electrophoresis. Genomic DNA of S. aureus NY-VRSA and VRSA-5 embedded in agarose plugs was digested with SmaI, and the resulting fragments were separated by pulsed-field gel electrophoresis as described previously (9) .
Synergy testing. Three methods were used to assess synergism between glycopeptides and oxacillin, and three independent experiments were performed with each method.
(i) Disk diffusion and MIC determination by E-test. Vancomycin (30 g), teicoplanin (30 g), and oxacillin (5 g) disks were placed on plates containing either vancomycin (8 g/ml) or oxacillin (8 g/ml for MI-VRSA, NY-VRSA, and VRSA-5 and 2 g/ml for PA-VRSA) or no antibiotic and were inoculated with the VRSA strains. After incubation for 24 h at 30°C or 37°C, the inhibition zone diameters were measured. Disks containing glycopeptides and oxacillin were also deposited on plates inoculated with each strain at distances corresponding approximately to the sum of the radii of the inhibition zones of the drugs when tested alone, and the patterns obtained were analyzed after overnight incubation at 30°C or 37°C (23) . Vancomycin and oxacillin MICs were determined at 30°C and 37°C by E-test on BHI agar or on agar containing oxacillin (8 g/ml, except for PA-VRSA, which received 2 g/ml) or vancomycin (8 g/ml).
(ii) Checkerboard. Combinations of glycopeptides and oxacillin were tested by the checkerboard method against the four VRSA isolates in BHI broth. The concentration of glycopeptides and oxacillin ranged from 0.25 g/ml to 1ϫ MIC and from 0.06 g/ml to 1ϫ MIC, respectively. The final inoculum was approxi- (iii) Time-kill curves. Time-kill curves were determined for every strain with an inoculum of 10 7 CFU/ml and antibiotic concentrations following a doublefold dilution from 1/2ϫ to 1/64ϫ MIC (from 1 to 32 g/ml for glycopeptides and from 0.5 to 32 g/ml for oxacillin). Bacterial counts were taken at 0, 3, 4, 5, 6, and 24 h by plating 0.1-ml aliquots (diluted or undiluted) onto BHI agar. The plates were incubated for 24 h at 30°C or 37°C. Bactericidal activity was defined as a reduction of at least 1,000-fold in the bacterial counts relative to the inoculum.
RESULTS AND DISCUSSION
Glycopeptide resistance of NY-VRSA and VRSA-5. The SmaI patterns of the two strains differed by a minimum of three bands (Fig. 2) , and the isolates should therefore be considered distinct. The two clinical isolates also differed in their resistance phenotypes: NY-VRSA has a low level of resistance to vancomycin and teicoplanin (MIC, 64 g/ml) (12), whereas VRSA-5 was resistant to high levels of both glycopeptides (MIC, 256 g/ml). Attempts to transfer vancomycin resistance from S. aureus NY-VRSA and VRSA-5, as well as from MI-VRSA and PA-VRSA, to E. faecalis JH2-2 or E. faecium BM4105 by filter mating were unsuccessful.
Characterization of the vanA operons. The organization of the vanA gene cluster in NY-VRSA and VRSA-5 was determined by PCR mapping (Fig. 1) . Pairs of primers, specific for each gene of the operon, were used in PCR experiments (3). For NY-VRSA, the PCRs gave fragments with the expected sizes, except for the P11-P12 pair, which gave a larger amplification product (3,100 bp instead of 1,600 bp), and for P5-P6, where no PCR product was obtained. For VRSA-5, all the PCR fragments had the expected sizes. These results indicate that the vanR, vanS, vanH, vanA, vanX, vanY, and vanZ genes constituting the vanA operon were present in both strains and in the same order as in Tn1546.
Sequencing of the PCR product obtained with the P11-P12 primers and total DNA of NY-VRSA as a template revealed the presence of a copy of IS1251 (1,499 bp) (14) inserted in the vanS-vanH intergenic region at the same position (position 5820 of Tn1546), in the same orientation, and flanked by the same ATAATTTT 8-bp duplication of target DNA as in PA-VRSA ( Fig. 1) (8) .
To determine the sequence upstream from the P9 primer located in orf2, fragments obtained by digestion of total NY-VRSA DNA with HinCII were cloned in pUC18, and the recombinant plasmids were subjected to PCR amplification using M13 reverse sequencing and the P6 primers. A fragment of 1,749 bp was obtained, and its sequence was determined. An open reading frame of 809 bp, corresponding to IS1216V (13), was found, but it was in opposite orientation relative to the transposon (Fig. 1 ). This insertion sequence is also present in PA-VRSA but at a different position. A 184-bp sequence, corresponding to a fragment of orf2 including the portion complementary to the P6 primer, was found downstream from IS1216V, whereas 756 bp without significant homology with known sequences were present upstream from IS1216V. The presence of this unknown sequence in NY-VRSA was confirmed by PCR using a primer (NY-3, 5ЈTCTCTGCAACTG GAATGCCT) specific for the 756-bp fragment and P6. The sequence downstream from vanZ was determined by inverse PCR. Total DNA of NY-VRSA was digested with HpaI, the resulting fragments were ligated with T4 DNA ligase, and inverse PCR was performed using primers Z1 (5ЈAAGCTAG CAATCCTCTAGA) and Z2 (5ЈAGTGCTGAGGAATTGG TCT) (Fig. 1) . A 700-bp fragment, with no homology with known sequences, was obtained. The presence of the latter sequence in NY-VRSA was also confirmed by PCR with a primer (NY-5, 5ЈGTAATTACATTGTACGCT) specific for the 700-bp fragment and Z2 (Fig. 1) . Expression of the vanA gene cluster in NY-VRSA and VRSA-5. The cytoplasmic peptidoglycan precursors of S. aureus NY-VRSA and VRSA-5 grown with 4 g/ml of vancomycin or teicoplanin or without antibiotic were analyzed as described previously (19, 22) . The late precursors synthesized by NY-VRSA and VRSA-5 were qualitatively similar to those of MI-VRSA and PA-VRSA, but the relative proportions obtained with NY-VRSA were slightly different from those found with the three other strains after induction with vancomycin (22) . Although the relative proportions of peptidoglycan precursors synthesized by PA-VRSA and NY-VRSA differed, both strains exhibited a similar low level of resistance to glycopeptides (Table 1) 
a The cytoplasmic peptidoglycan precursors of NY-VRSA and VRSA-5 grown with or without glycopeptides were analyzed as described previously (19) . Enzyme assays were performed with the S100 and C100 fractions of uninduced or induced cultures. VAN (Table 1) , whereas substantial activities were detected when the cells were incubated in the presence of vancomycin or teicoplanin. However, the amounts of D,D-carboxypeptidase (VanY) and D,D-dipeptidase (VanX) activities in extracts from NY-VRSA were higher and lower, respectively, than those of the three other vancomycin-resistant S. aureus strains. These results are in agreement with the peptidoglycan precursors synthesized by NY-VRSA in which the proportions of UDP-N-acetyl-muramyl (MurNAc)-tetrapeptide and UDP-MurNAcpentapeptide and those of UDP-MurNAc-pentadepsipeptide are higher and lower than in MI-VRSA or PA-VRSA, respectively.
Analysis of the vanA gene cluster, of the peptidoglycan precursors, and of the VanX and VanY activities associated with glycopeptide resistance indicated that the vanA operon was fully functional in both strains. Thus, the difference in phenotypic expression of glycopeptide resistance in the two isolates cannot be accounted for by differences in the expression of the resistance genes.
Stability of glycopeptide resistance. Inheritance of the vanA operon in NY-VRSA and VRSA-5 was tested by replica plating. NY-VRSA derivatives susceptible to vancomycin (MIC, 2 g/ml) were obtained in three independent experiments at high frequencies, ranging from 45% to 48%, similar to those observed with PA-VRSA (22) , whereas a single glycopeptidesusceptible clone (0.3%) was obtained with VRSA-5. Amplification of the vanA gene with specific primers was positive for parental NY-VRSA and VRSA-5 and negative for susceptible derivatives (24 and 1 colonies tested, respectively). Loss of glycopeptide resistance in VRSA-5 at very low frequency could be due to transposon or plasmid instability, whereas loss of resistance at a high rate in NY-VRSA is most likely due to plasmid segregation by inefficient replication. The Tn1546-like element in the latter strain has been stabilized by deletion of orf1 and part of orf2 that are required for the movements of the element. The apparent glycopeptide phenotypic susceptibility of two of the VanA-type MRSA strains, PA-VRSA and NY-VRSA, represents a significant public health problem; since resistance is inducible, it can confidently be predicted that treatment of an infection due to such a strain with vancomycin or teicoplanin will lead to clinical failure. In addition, lack of on October 14, 2017 by guest http://aac.asm.org/ detection will delay implementation of the required hygiene measures to avoid spread of these isolates. Inducibility of vancomycin resistance. Inducibility of resistance in NY-VRSA and VRSA-5 was studied in liquid medium. After overnight culture at 37°C in BHI with or without vancomycin (6 g/ml), growth of a subculture in the presence of vancomycin resulted in a long lag phase of at least 8 h for NY-VRSA that was not observed with VRSA-5 (Fig. 3) .
This long delay for induction of resistance by vancomycin is consistent with the fact that NY-VRSA escaped detection by automated systems (17) . Combination of a high rate of spontaneous loss of the vanA cluster and a longer delay in induction of resistance, which could be due to differences between the host bacteria, may explain the difference in the level of glycopeptide resistance of NY-VRSA and VRSA-5.
Oxacillin-glycopeptide synergism. Marked synergy between oxacillin and vancomycin has been reported for MRSA COLVA, a derivative of strain COL harboring a vanA-bearing staphylococcal plasmid (27) . Laboratory strain COL does not contain any chromosome-or plasmid-borne regulatory gene that controls transcription of the methicillin resistance structural mecA gene for PBP2a in most clinical isolates (35) . It was therefore of interest to test if synergy between glycopeptide and ␤-lactam-resistant strains occurs in all the available VanAtype MRSA strains. Several in vitro techniques, such as checkerboard, time-kill curve, E-test, and double disk diffusion, have been described to study the synergism between antibiotics. However, the results obtained by the first two methods were not always consistent (18) . Thus, the activity of combinations of glycopeptides and oxacillin against the four VRSA isolates was tested by the four methods and, in each case, in three independent experiments.
Drug interaction was first assessed by placing a vancomycin disk or an E-test strip on agar containing oxacillin at a subinhibitory concentration (8 g/ml for MI-VRSA, NY-VRSA, and VRSA-5 and 2 g/ml for PA-VRSA) inoculated with a VRSA strain. After incubation at 37°C, a major size increase of the inhibition zone around the vancomycin disk was observed (Fig. 4, left column) , and a decrease in vancomycin resistance of more than 128 times was observed by E-test (Fig. 4 , right column; Table 2 ). Similar results were obtained with teicoplanin (data not shown). In the reverse experiment, a major decrease in resistance to oxacillin (Ͼ128 times) was observed when an E-test strip was laid onto BHI agar containing glycopeptide concentrations easily achievable in patients (vancomycin, 8 g/ml [Fig. 4 , right column; Table 2 ]; teicoplanin, 8 g/ml [data not shown]). Synergism was also demonstrated when disks impregnated with glycopeptides or oxacillin were placed at an appropriate distance (23) ; enhancement at the junction of the inhibition zones was observed with the four strains (Fig. 5 ).
Synergism was also tested by diffusion with disks impregnated with various ␤-lactams on plates containing vancomycin or teicoplanin (8 g/ml). A synergy was observed with cefoxitin, cefotaxime, and ceftriaxone against the low-level resistant strains and with oxacillin and imipenem for all strains (data not shown).
Synergistic activity of vancomycin (Fig. 6 ) or teicoplanin (data not shown) and oxacillin was then studied by the checkerboard technique. The FIC indexes ranged from 0.008 to 0.024 (synergism is defined as a FIC index of Յ0.5). A bacteriostatic synergism was observed for vancomycin and oxacillin concentrations equal to or greater than 4 g/ml for the LLR strains and 8 g/ml for the HLR strains, concentrations that are easily achievable in the sera of patients. Curiously, and in contrast with our data, lack of synergism was observed for strain MI- VRSA by the checkerboard technique when performed on solid medium (16) . Lastly, time-kill curves were performed with all VRSA strains. Vancomycin and oxacillin were tested alone or in combination from 1/64ϫ to 1/2ϫ MIC (from 1 to 32 g/ml and from 0.5 to 32 g/ml for glycopeptides and oxacillin, respectively). As expected, no bactericidal activity was obtained with the antibiotics alone. No bactericidal activity was observed at 3 h and 6 h against all strains ( CFU/ml was seen after 24 h of incubation for combinations of vancomycin (Ն2 g/ml for LLR strains and Ն8 g/ml for HLR strains) with oxacillin (Ն2 g/ml for LLR strains and Ն8 g/ml for HLR strains) ( Table 3 ). The antibiotic concentrations that had a synergistic effect are achievable in therapy, and higher concentrations did not lead to an increase in the bactericidal effect. These results confirm that, against each strain, vancomycin and oxacillin had a strong synergistic effect in combination. Similar bactericidal effects were obtained with combinations of teicoplanin and oxacillin (data not shown).
Effect of growth conditions on methicillin resistance expression. Expression of methicillin resistance in S. aureus depends on environmental factors such as temperature and osmolarity (4). Determination of MICs and all synergy experiments were repeated at 30°C and/or by incorporating NaCl into the growth medium. As previously reported, better phenotypic expression of oxacillin resistance was observed at 30°C or after addition of NaCl (4%) (data not shown) to the culture medium. Vancomycin resistance was not affected at 30°C and was weakly reduced (by 1 dilution) when NaCl was added. Synergism studies by the time-kill and checkerboard methods gave results at 30°C similar to those at 37°C (data not shown). However, detection of the synergy by disk diffusion at 30°C was less obvious (data not shown).
Strong synergistic activity of glycopeptides and oxacillin, when associated, was consistently observed against the four clinical isolates. PBP2a has transpeptidase activity and exhibits low affinity for all ␤-lactams. High-level resistance to methicillin in MRSA requires the cooperativity of PBP2a and PBP2 on October 14, 2017 by guest http://aac.asm.org/ (24, 25) , which is a bifunctional S. aureus PBP with both transpeptidase and transglycosylase activities (21) . In the presence of ␤-lactam in the culture medium, the cooperation between the transpeptidase activity of PBP2a and the penicillininsensitive transglycosylase activity of PBP2 appears essential for growth and cell wall biosynthesis (24) . PBP2 is required for expression of high-level vancomycin resistance in the COLVA strain (28) . In order to account for the loss of oxacillin resistance in the presence of sub-MIC concentrations of vancomycin in this strain, it has been proposed that the pentadepsipeptide cell wall precursors are not substrates for PBP2A, which is the transpeptidase that remains active in the presence of oxacillin (27) . Our data indicate that this apparently holds true for the MI-VRSA, PA-VRSA, and VRSA-5 strains that synthesize large amounts of pentadepsipeptide precursors in the presence of glycopeptides in the culture medium (Table 1 ) (22) . In NY-VRSA exhibiting a low level of resistance to vancomycin for a VanA-type strain, the dramatic consequences on cell survival of addition of a glycopeptide and of oxacillin to the growth medium could be the consequence of two phenomena: PBP2a cannot process late peptidoglycan precursors ending in D-Ala-D-Lac, and the binding of vancomycin to the remaining (ca. 20%) precursors terminating in D-Ala-D-Ala prevents the transglycosylation reaction. It has also been demonstrated that vancomycin could (i) induce a decrease in transcription of PBP2A and (ii) be associated with inactivation or deletion of the mecA gene (1, 29, 30) . Our data confirm efficient heterologous expression of the glycopeptide resistance genes from enterococci in S. aureus. They also suggest, most surprisingly, that combination of a glycopeptide with a ␤-lactam might be useful for the treatment of infections due to VanA-type MRSA strains that are resistant to both low and high levels of both drug classes. However, this hypothesis remains to be confirmed in vivo in an animal model. 
